We study pentaquark states of both light q 4q and hidden heavy q 3 QQ (q = u,d,s quark in SU(3) flavor symmetry; Q = c, b quark) systems with a general group theory approach in the constituent quark model, and the spectrum of light baryon resonances in the ansatz that the l = 1 baryon states may consist of the q 3 as well as q 4q pentaquark component. The model is fitted to ground state baryons and light baryon resonances which are believed to be normal three-quark states. The work reveals that the N (1535)1/2 − and N (1520)3/2 − may consist of a large q 4q component while the N (1895)1/2 − and N (1875)3/2 − are respectively their partners, and the N + (1685) might be a q 4q state. By the way, a new set of color-spin-flavor-spatial wave function for q 3 QQ systems in the compact pentaquark picture are constructed systematically for studying hidden charm pentaquark states. *
I. INTRODUCTION
Baryon resonance spectrum has been studied over decades, but theoretical results are still largely inconsistent with experimental data. Except for the ground state baryons, even the low-lying resonances, for example, the Roper resonance N (1440), N (1520) and N (1535) have been of an ordering problem. Theoretical works in the three-quark picture always predict a larger mass for the lowest positive-parity state N (1440) than for the lowest negative-parity states N (1520) and N (1535) [1] . Since the discoveries of N (1895)1/2 − , N (1875)3/2 − , ∆(1900)1/2 − , and ∆(1940)3/2 − [2] , these states and other baryon resonance states near 1900 MeV have not been well explained in conventional constituent quark models [3] [4] [5] [6] .
By applying the new approaches of photoproduction and electroproduction experiments, more baryon resonances have been discovered and confirmed [2] [3] [4] [5] [6] [7] and the internal structures of some resonance states have been revealed by the properties including Breit-Wigner amplitudes, transitions amplitudes, and form factors [2, [8] [9] [10] [11] . The Roper electroproduction amplitudes [8] has proven us that it is mainly the nucleon first radial excitation as interpreted in the review paper [9] . That the decay width of Γ N (1535)→N η ≡ (65 ± 25 MeV) is as large as Γ N (1535)→N π ≡ (67.5 ± 19 MeV) [12] indicates that N(1535) may couple to the η meson much more strongly than predicted by flavor symmetry [10] . The strangeness component in N (1535)1/2 − is shown to account for the mass ordering of N(1440) and N(1535) [13] , and it is claimed that ss pair contribution is important to the properties of the nucleon in Ref. [14] . As for the other lowest orbital excited state N (1520)3/2 − , the branching ratio of Γ ηN /Γ tot is less than 1% [12] which reveals that there is little strange component contribution. It is also stated that γN → N (1520) form factors are dominated by the meson cloud contributions which means N(1520) may not be pure q 3 state but include the extrinsicpair contribution in the form of q 4q components [11] . And the baryon states including pentaquark components have also been studied in the light quark sectors for Roper resonance [15] , N (1535) [16] [17] [18] to give a better explanation of the experimental results like transitions amplitudes and form factors.
In this work we study the role of pentaquark components in low-lying baryon resonance states. The constructions of light pentaquark wave functions in the Yamanouchi technique have been formulated in the previous works [19] [20] [21] [22] . As a consequence, the light baryon resonance spectrum is newly reproduced by mixing three quark and pentaquark components. And we extend the group theory approach to hidden heavy pentaquarks in the SU(3) flavor symmetry, where the pentaquark wave functions for the q 3 QQ systems are systematically constructed in the harmonic oscillator interaction and applied as complete bases to evaluate hidden charm and bottom pentaquark mass spectra for all possible quark configurations and interactions of other types.
The paper is organized as follows: We briefly review in Sec. II the constituent quark model extensively described in our previous work [22] , and predetermined all the model parameters by comparing the theoretical and experimental masses of all the ground state baryons and low-lying q 3 baryon resonance states. The baryon masses in the q 3 picture are also presented in Sec. II. In Sec. III we derive the mass spectra of light q 4q pentaquark states, and to reproduce the negative-parity nucleon and ∆ resonances below 2 GeV by introducing light pentaquark components in three-quark baryon states. The wave functions of q 3 QQ systems are constructed in the harmonic oscillator interaction for all possible quark configurations and applied as complete bases to evaluate hidden heavy pentaquark mass spectra in Sec. IV. A summary is given in Sec. V. The details of q 3 wave functions as well as the construction of q 3 QQ pentaquark wave functions are shown in Appendices.
II. THEORETICAL MODEL
A group theory approach to construct the wave functions for baryon and pentaquark states has been described in Refs. [19] [20] [21] [22] , and we refer the readers to those works for details. Here, we just present the general Hamiltonian for multiquark systems,
where A ij and B ij are mass-dependent coupling parameters, taking the form
with m ij being the reduced mass of ith and jth quarks, defined as m ij = 2mimj mi+mj . The hyperfine interaction, H OGE hyp includes only one-gluon exchange contribution, where C OGE = C m m 2 u , with m u being the constituent u quark mass and C m a constant. λ C i in the above equations are the generators of color SU(3) group.
The model parameters are determined by fitting the theoretical results to the experimental data of the mass of all the ground state baryons, namely, eight light baryon isospin states, seven charm baryon states, and six bottom baryon states as well as light baryon resonances of energy level N ≤ 2, including the first radial excitation state N (1440) with mass at 1.5 GeV and a number of orbital excited l = 1 and l = 2 baryons. All these baryons are believed to be mainly 3q states whose masses were taken from Particle Data Group [12] . The least squares method is applied to minimize the weighted squared distance δ 2 ,
where ω i are weights being 1 for all the states except for N(939) and ∆(1232) which are set to be 100, M exp and M cal are respectively the experimental and theoretical masses. Listed in Tables I, II Similar model parameters were obtained in the previous work [22] . The parameters fixed in the work are slightly different from the preliminary ones since charm and bottom baryons are included and more accurate method is used for the model fixing. And the u and d constituent quark mass is closer to the quark mass, 330 MeV which was determined by the baryon magnetic moments [23] .
In general, all the ground state baryons are well described, with the maximum deviation less than 3%. For excited baryon states, the Roper resonance as the first radial excited state gets a mass around 1.5 GeV which does not agree well with the pole mass on PDG [12] , but has a 0.56 GeV gap between the ground state nucleon, close to the gap 0.55 GeV between the two lowestmagnitude J P = 1/2 + poles in Refs. [8, 9] . The lowest negative-parity nucleon states turn out to be lower than 4 10, 1, 1 − ) **** the Roper resonance just as other predictions of the conventional constituent quark models. We assume that the lowest negative-parity baryon resonances may consist of the q 3 component as well as the q 4q pentaquark component. The spin-orbit interactions are not included in this work, so the states in the same spatial-spin-flavor con- figuration as shown in Appendix A have the same mass value. Except for the two missing ∆(70, 2 10, 2, 2 + ) states and the two missing nucleon states N (20, 2 1, 2, 1 + ) and N (70, 2 10, 2, 2 + ), most positive-parity states are reasonably reproduced.
III. LIGHT QUARK SPECTRUM
A. Mass of q 4q pentaquark states
The mass spectra of the ground state q 4q and q 3 ss pentaquarks are evaluated in the Hamiltonian in Eq. (1), by applying the complete bases of the pentaquark wave functions derived in our previous work [22] . Listed in Tables V and VI are the theoretical results, with the model parameters fixed in the previous section. Comparing to other works [24, 25] for q 4q and q 3 ss hidden strange pentaquark states, the model here employs much less model parameters and predict relatively higher mass spectra. It is predicted in the calculation that the pentaquark state with the [31] Ground state pentaquarks always have a negative parity, thus only l = 1 nucleon and ∆ orbitally excited states could mix with ground state pentaquarks. Considering the low theoretical masses for the N (1535) and N (1520) resonances in the q 3 picture and their quantum numbers, it is natural to assume that the two baryon resonances may include both the q 3 and q 4q pentaquark component contributions. Based on this assumption the wave function of baryon resonances may be represented as a mixed state,
The q 3 and q 4q pentaquark components may couple as
where θ is the mixing angle between the q 3 and q 4q components of the corresponding states. Taking the pentaquark states which share the same quantum number and parity of N (1535), N (1520), ∆(1620), and ∆(1700) and have the relatively lowest mass, one gets mixed states as shown in Table VII . The mass spectrum of the negative-parity nucleon and ∆ resonances are listed in Table VIII in the q 3 and q 4q picture.
Note in Table VII that The conventional constituent quark models have failed to describe the higher nucleon and ∆ resonance states near 1900 MeV [3] [4] [5] [6] . In this constituent quark model with a color dependent Cornell-like potential, however, we have given not only the possible theoretical interpretations for N (1895)1/2 − , N (1875)3/2 − , ∆(1900)1/2 − , and ∆(1940)3/2 − states as negative-parity partners of the well known nucleon and ∆ resonances, but also effectively solved the long-standing ordering problem of N (1440), N (1520) and N (1535) by mixing the q 3 and q 4q components. Motivated by the hidden-charm pentaquark candidates recently found by the LHCb Collaboration [26] we also calculate the mass spectra of hidden heavy pentaquarks of q 3 QQ systems. The quark configurations and wave functions of the q 3 QQ systems are derived in Appendix B. The spatial wave functions, which are derived in the harmonic oscillator quark-quark interaction and grouped in Appendix B according to the permutation symmetry, are employed as complete bases to study the q 3 QQ systems described with the color dependent Hamiltonian in Eq. (1). The mass spectra of the hidden charm and hidden bottom pentaquarks of the q 3 color octet configuration are presented in Tables IX and X separately.
It's noted that the hidden-charm pentaquark mass spectra in this work is slightly higher than the three narrow pentaquark-like states, P c (4312) + , P c (4440) + and P c (4457) + measured by LHCb. The predicted values of 4483 and 4495 MeV for the lowest hidden-charm pentaquark in the [21] lying below the threshold of a single bottom baryon and B(B * ) mesons, which is consistent with other work [40] . The newly observed P c states by the LHCb collaboration have been largely interpreted as hadronic molecule states since there are abundant charmed meson and charmed baryon thresholds available [26] . Within the molecular scenario, the mass spectrum [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] and dynamical properties [35] [36] [37] [38] [39] [40] have been successfully explained in various methods. The compact pentaqurak interpretation works well [41] [42] [43] [44] when the parameters are fixed to both baryons and mesons. With the limited experimental results, the nature of P c states will keep as an open question in the near future.
V. SUMMARY
The masses of low-lying q 3 states and ground q 4q states are evaluated, where all model parameters are predetermined by fitting the theoretical masses to the experimental data for the baryons which are believed to be mainly 3q states. In the work we have assumed that the Roper resonance is the first radial excitation state of nucleon.
It is interesting that the theoretical work predicts the pentaquark state with the [31] F S [22] F [31] S configuration and the quantum numbers I(J P ) = 1 2 ( 1 2 − ) has the lowest mass, about 1680 MeV. One may make a bold guess that this q 4q pentaquark state could be the isospin-1/2 narrow resonance N + (1685) which can not be accommodated as a q 3 particle. The work shows that the ordering problem of the N (1440), N (1520) and N (1535) may be solved by introducing the q 4q contribution. The same calculation leads to that the N (1895)1/2 − , N (1875)3/2 − , ∆(1900)1/2 − , and ∆(1940)3/2 − resonances may pair respectively with the N (1535)1/2 − , N (1520)3/2 − , ∆(1620)1/2 − , and ∆(1700)3/2 − in the q 3 and q 4q interpretation.
The mass spectra of ground hidden heavy pentaquark states q 3 QQ are accurately evaluated using the same predetermined model parameters.
It is found that the hidden charm pentaquark states with the [21] C [21] F S [21] F [21] S configuration have the lowest masses which are slightly larger than the LHCb results. In this communication, however, the work can not draw any conclusion about the nature of P c states.
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The total color wave function for q 3 QQ pentaquark state takes the form,
where the ρ and λ stand for the types of [21] 8 color octet configuration in Eq. (B1). The detailed color wave function for both color singlet and color octet states for the q 3 and QQ are listed in Table XII . We construct the spatial wave functions of q 3 QQ systems in the harmonic oscillator potential for the quarkquark interaction. A new set of relative Jacobi coordinates was introduced for the q 3 QQ system, different from the ones in our previous work [22] for q 4q system, the Hamiltonian for the harmonic oscillator potential is written as
with u χ being the reduced quark mass of the fourth Jacobi coordinate, defined as u χ = 5mM 3m+2M , m and M are the mass of light quark and heavy quark respectively. C is the coupling constant, and the relative Jacobi coordinates and the corresponding momenta are defined respectively as 
where p i and r i are the momenta and coordinate of ith quark, the antiquark is assigned the coordinate r 5 , the fourth and fifth quark form the third Jacobi coordinate σ and the centers of first three quarks and the last two heavy quarks form the fourth Jacobi coordinate χ. The permutation symmetry of pentaquarks is simply represented by the q 3 cluster since the ψ nσ ,lσ ( σ) and ψ nχ,lχ ( χ) is fully symmetric for any permutation between quarks. The total spatial wave function of pentaquarks may take the form, which is simply the product of the q 3 spatial wave function shown in Table XIII The spatial wave functions of the q 3 subsystem of q 3 QQ pentaquarks with the permutation symmetries [3] S are listed in Table XIII up to N ′ = 22, where l ρ , l λ , and are L ′ are limited to 0, 1 and 2 only. To save space, we show only the symmetric spatial wave function while the spatial wave function for other possible permutation symmetries { [21] ρ,λ , and [111] A will not be specified here. Note that we have set M ′ = 0 and used the abbreviation, {ni,li,mi} C nρ,lρ,mρ,n λ ,l λ ,m λ ψ nρlρmρ ( ρ )ψ n λ l λ m λ ( λ ) ≡ {ni,li} C nρ,lρ,n λ ,l λ ψ(n ρ , l ρ , n λ , l λ ) ≡ {ni,li} C nρ,lρ,n λ ,l λ (n ρ , l ρ , n λ , l λ ) (B7)
The spatial wave functions of pentaquarks with the q 3 QQ symmetry [5] S are listed in the Table XIV (Up to N = 14 energy level is sufficient for the numerical calculations), where ψ q 3 N ′ L ′ M ′ (L ′ = M ′ = 0) and ψ nσ ,lσ ( σ ) (l σ = 0), ψ nχ,lχ ( χ ) (l χ = 0) are the spatial wave functions of the q 3 subsystem and the harmonic oscillator wave function for the σ and χ coordinates, respectively. Without any limitation for n σ and n χ , all degenerate states of each pentaquark energy level up to N = 14 served as a complete basis. N ≤ 8 states are listed below, the higher ones follow the rule that N = N q 3 +2(n σ +n χ ). XIII. Normalized q 3 spatial wave functions with quantum number, N ′ = 2n and L ′ = M ′ = 0. 000 [3] S (0, 0, 0, 0)
